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Neutrinoless double beta decay experiments constrain one combination of neutrino parameters, while
cosmic surveys constrain another. This complementarity opens up an exciting range of possibilities.
If neutrinos are Majorana particles, and the neutrino masses follow an inverted hierarchy, then the
upcoming sets of both experiments will detect signals. The combined constraints will pin down not
only the neutrino masses but also constrain one of the Majorana phases. If the hierarchy is normal,
then a beta decay detection with the upcoming generation of experiments is unlikely, but cosmic
surveys could constrain the sum of the masses to be relatively heavy, thereby producing a lower
bound for the neutrinoless double beta decay rate, and therefore an argument for a next generation
beta decay experiment. In this case as well, a combination of the phases will be constrained.
INTRODUCTION
One of the most important questions in particle physics
is whether neutrinos are Dirac or Majorana particles. If
they are Dirac, then their couplings to the Higgs are ex-
tremely small, thereby exacerbating the already perplex-
ing problem of understanding mass in the Universe. If
neutrinos are Majorana particles, then lepton number is
violated, and there is new physics responsible for the ef-
fective operator (L¯H˜)(H˜TLc)/Λ +h.c., where H˜ = iτ2H
is the conjugated Higgs doublet, L is the usual lepton
doublet, Λ is the scale above which the new physics man-
ifests itself, and flavor indices are suppressed.
A definitive way to resolve this question is to observe
neutrinoless double beta decay (see, e.g., [1, 2] for re-
views), which violates lepton number. The effective Ma-
jorana mass that governs neutrinoless double beta decay
is
mββ =
∣∣∣m1 cos2 θ12 cos2 θ13 + m2e2iλ2 sin2 θ12 cos2 θ13
+m3e
2i[λ3−δ] sin2 θ13
∣∣∣ (1)
where (m1,m2,m3) are the masses of the three mass
eigenstates; and the mixing angles (θ12, θ13), CP violat-
ing phases δ and Majorana phases (λ2, λ3) are the ele-
ments of the unitary matrix relating the mass and flavor
eigenstates:
U =
 c12c13 s12c13 s13e−iδ−s12c23 − c12s23s13eiδ c12c23 − s12s23s13eiδ s23c13
s12s23 − c12c23s13eiδ −c12s23 − s12c23s13eiδ c23c13
 1 0 00 eiλ2 0
0 0 eiλ3
 (2)
where c and s are cos and sin. The masses are re-
lated to one another via two measured differences of mass
squared: the solar mass difference ∆m212 ≡ m22 −m21 =
m2s , known to be positive and the atmospheric mass scale
with
m2atm =
{
∆m223 (Normal Hierarchy)
∆m231 (Inverted Hierarchy)
(3)
Current and upcoming underground experiments [3–6]
with 10-100 kg of detector mass have the reach to explore
mββ as small as 100 meV, while the ton scale experiments
currently planned can push down to 10 meV.
The experiments of the last decades have pinned down
many of the neutrino parameters, so the allowed range of
mββ – and therefore the decay rate – is becoming clearer.
In particular there emerges a key relationship [7] between
mββ and the sum of the neutrino masses. Here we point
out that cosmic surveys, which are sensitive to the sum of
the neutrino masses [8, 9], can further narrow the allowed
range of mββ and, in the future, the two sets of experi-
ments can work together to measure one of the Majorana
phases [10]. The cosmic surveys exploit the fact that the
ratio of the energy density of the cosmic neutrinos to
the matter density is fν = 0.008
∑
mν/100 meV. Even
this small of a fraction disrupts the delicate balance be-
tween the gravitational accretion of cold dark matter and
the expansion of the universe that would otherwise pro-
duce constant gravitational potentials. A small fraction
of non-clumping matter (and neutrinos are traveling fast
enough not to clump on most scales) leads to decaying
gravitational potentials. For example, the power spec-
trum of the potential is reduced by 5% if
∑
mν = 100
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2meV. This suppression can be inferred by measuring the
cosmic microwave background temperature [11] and po-
larization [12] on small angular scales. Following the ini-
tial detections by the Atacama Cosmology Telescope [13]
and the South Pole Telescope [14], the Planck satellite
has now mapped the potential with 27-sigma [15] sig-
nificance. Prospects for measuring the spectrum of the
potential with upcoming small scale CMB polarization
experiments and with galaxy surveys [16] lead to projec-
tions that
∑
mν can be constrained at 16 meV level.
INVERTED HIERARCHY
If the mass hierarchy is determined by other experi-
ments to be inverted so that m3 < m1,m2, then both
m1 and m2 are of order matm or larger. Further, the
smallness of sin2 θ13 means that the last term in Eq. (1)
can be neglected so that
minvββ ' c213
[
(m1c
2
12)
2 + (m2s
2
12)
2
+2 cos(2λ2)(m1c
2
12)(m2s
2
12)
]1/2
. (4)
Fig. 1 shows the region allowed by current measurements
for mββ and
S ≡
∑
mν (5)
and a projected future measurement centered on a ran-
domly chosen “truth” value. The width of the gray band
is determined by the Majorana phase λ2. If nature has
chosen the point in parameter space indicated by the star,
then the combination of neutrinoless double beta decay
and cosmic surveys will narrow the allowed range; i.e.,
it will pin down not only the sum of the masses and the
Majorana nature of the neutrino but also constrain λ2.
To project the error on the phase, we need to transform
the projected constraints on the two parameters p1 =
mββ and p2 = S to a different parameter set, (q1 =
cos(2λ2), q2 = S). The constraints on ~p are uncorrelated,
so the Fisher matrix that describes these constraints is
trivial:
Fij =
(
1/∆2β 0
0 1/∆2S
)
(6)
where we take ∆β = 10 meV and ∆S = 20 meV. Here
∆β represents a combination of the uncertainty from the
nuclear matrix elements [17] in the extraction of mββ ,
together with the experimental uncertainties. For sim-
plicity we will neglect uncertainties on the mixing an-
gles, which in any case will be known with consider-
able precision from future planned experiments. Relat-
ing the Fisher matrix of the new parameter set (q1 =
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FIG. 1: Projected constraints on neutrino parameters from
upcoming cosmic surveys (vertical), neutrino-less double beta
decay experiments (horizontal), and all other current mea-
surements (gray) assuming an inverted mass hierarchy and
Majorana neutrinos.
cos(2λ2), q2 = S) to the Fisher matrix of the old param-
eter set requires the transformation
F˜ab =
∂pi
∂qa
∂pj
∂qb
Fij . (7)
Two partial derivatives of mββ are needed in Eq. (7).
The first, ∂mββ/∂ cos(2λ2). is easily obtained by differ-
entiating Eq. (4). The derivative with respect to S is
trickier but can be computed by recognizing that
S = m3 +
√
m23 +m
2
atm +
√
m23 + +m
2
atm +m
2
s . (8)
Differentiating both sides with respect to S leads to an
expression for ∂m3/∂S at fixed λ2. From this, ∂m2/∂S =
(m3/m2) ∂m3/∂S and similarly with m1. Therefore, the
derivative of mββ with respect to S (at fixed phase λ2)
is
∂mββ
∂S
=
m1m2m3
mββ [m1m2 +m1m3 +m2m3]
×
[
c412c
4
13 + s
4
12c
4
13
+
m21 +m
2
2
m1m2
c212c
4
13s
2
12 cos(2λ2)
]
. (9)
Since ∂mββ/∂S and ∂mββ/∂ cos(2λ2) are both non-zero,
the diagonal F is transformed into an off-diagonal F˜ .
The projected error on one parameter – say cos(2λ2) –
must be obtained by marginalizing over all possible val-
ues of the other. The simple way to do this is to compute
F˜−1; the diagonal components of F˜−1 are the projected
squared errors on the two parameters. A simple check
3is that the marginalized error on S – the square root of
(F˜−1)22 – remains the same, equal to ∆S . The error on
the phase is
(∆ cos(2λ2))
2 = (F˜−1)11
=
(
∂mββ
∂ cos(2λ2)
)−2 [
∆2β +
(
∂mββ
∂S
)2
∆2S
]
. (10)
Fig. 2 shows this error as a function of S for two different
values of λ2. Note that, for S small and cos(2λ2) = −1,
the projected 1-sigma error on the cosine is 0.35, close to
6-sigma away from the λ2 = 0 value.
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FIG. 2: Projected one-sigma constraint on the cosine of the
Majorana phase from combined cosmic survey and neutrino-
less double beta decay experiments. These constraints are
relevant if the mass hierarchy is determined to be inverted.
NORMAL HIERARCHY
If the mass hierarchy is normal so that m1 < m2 < m3,
there is no guarantee that, even if neutrinos are Majorana
particles, the most aggressive double beta decay exper-
iment will see events. The parameter that determines
the decay rate, mββ , can vanish if the unknown phases
conspire to make us unlucky. This is captured by the
gray band in Fig. 3, which shows that mββ can be ar-
bitrarily small. However, there is an interesting synergy
between the cosmological constraints and double beta de-
cay. If the cosmological constraints point to a large value
of
∑
mν , for example at the star in the figure, then we
will be handed a lower limit on mββ . The lower limit on
mββ is shown as a function of S in Fig. 4.
Therefore, upcoming cosmic surveys have the poten-
tial to motivate further neutrinoless double beta decay
experiments, as we may be able to infer a lower limit on
mββ . In the absence of this lower limit, we will never be
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FIG. 3: If the mass hierarchy is normal but the sum of the
masses is still relatively large, for example at the value indi-
cated by the star, then there will be a lower limit on mββ , a
target for ambitious future double beta decay experiments.
guaranteed an answer to the question of whether neutri-
nos are Majorana or Dirac particles.
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FIG. 4: In the normal hierarchy, the minimum value of mββ
as a function of the lower limit on the sum of the masses
that would be obtained in cosmic surveys. If the surveys find∑
mν is greater than (mν)min, then mββ must be above the
curve.
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